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-Gulf toadfish (Opsanus beta) use a unique pulsatile urea excretion mechanism that allows urea to be voided in large pulses via the periodic insertion or activation of a branchial urea transporter. The precise cellular and subcellular location of the facilitated diffusion mechanism(s) remains unclear. An in vitro basolateral membrane vesicle (BLMV) preparation was used to test the hypothesis that urea movement across the gill basolateral membrane occurs through a cortisol-sensitive carrier-mediated mechanism. Toadfish BLMVs demonstrated two components of urea uptake: a linear element at high external urea concentrations, and a phloretin-sensitive saturable constituent (K m ϭ 0.24 mmol/l; Vmax ϭ 6.95 mol⅐mg protein Ϫ1 ⅐h
Ϫ1
) at low urea concentrations (Ͻ1 mmol/l). BLMV urea transport in toadfish was unaffected by in vitro treatment with ouabain, N-ethylmaleimide, or the absence of sodium, conditions that are known to inhibit sodium-coupled and proton-coupled urea transport in vertebrates. Transport kinetics were temperature sensitive with a Q 10 Ͼ 2, further suggestive of carrier-mediated processes. Our data provide evidence that a basolateral urea facilitated transporter accelerates the movement of urea between the plasma and gills to enable the pulsatile excretion of urea. Furthermore, in vivo infusion of cortisol caused a significant 4.3-fold reduction in BLMV urea transport capacity in lab-crowded fish, suggesting that cortisol inhibits the recruitment of urea transporters to the basolateral membrane, which may ultimately affect the size of the urea pulse event in gulf toadfish. basolateral plasma membrane; urea permeability; facilitated diffusion; phloretin; membrane vesicles WITH RESPECT TO PISCINE UREA transport, the gulf toadfish Opsanus beta is among the best-studied teleosts; over two decades of research have chronicled the unusual nature of its nitrogen elimination. In their subtidal environment, gulf toadfish excrete equal quantities of ammonia and urea (5) . However, during times of stress induced by conditions, including crowding, confinement, and exposure to air and/or elevated ambient ammonia, gulf toadfish become ureotelic (61, 62, 64) . This transition to ureotelism is initiated by a moderate and transient (Ͻ24 h) surge in plasma cortisol (21) that induces hepatic glutamine synthetase (GSase) activity. GSase controls nitrogen entry as glutamine into the ornithine-urea cycle (O-UC); induction of this enzyme causes an increase in urea production and raises circulating plasma urea levels. Accompanied with a simultaneous decrease in ammonia excretion, this sets the conditions for pulsatile urea excretion (61) ; a feature that is unique to toadfish and sets them apart from other ureotelic teleosts. Gulf toadfish discharge urea in a pulsatile manner; more than 90% of the total daily urea is released during short-lasting pulses that may occur once to several times over a 24-h period (69 -71) . In between these pulse events, little to no urea is excreted. The metabolic production of urea via the O-UC is continuous, with plasma and body urea levels steadily rising until a facilitated diffusion mechanism is activated to increase branchial urea permeability 35-fold during a pulse event (69 -71) . This excretion mechanism appears to be very specific for urea, as changes in water permeability during a pulse event are marginal, whereas the permeability of structural urea analogs, such as thiourea and acetamide, increases 5-and 18-fold, respectively (18, 35, 43, 71) . A cDNA encoding for a 475-amino acid residue protein was cloned from the branchial tissue of O. beta and exhibited over 60% sequence similarity to mammalian urea transporter (UT)-A2 type urea transporters (66) . Analysis of gill mRNA of the toadfish urea transporter (tUT) found levels of this transporter to be largely invariant over the pulse cycle (66) , suggesting that pulsatile events may be due to the periodic insertion or activation of tUT at the gills.
There is strong evidence that pulsatile urea excretion is under proximate control of the 5-HT and the corticosteroid cortisol. Arterial injection of 5-HT and a 5-HT 2 receptor agonist elicited substantial urea pulses of comparable size and duration to natural pulse events, with the effect reversed by a 5-HT 2 antagonist (31, 72) . Cortisol appears to play two conflicting roles in terms of pulsatile urea excretion regulation. On the one hand, in addition to mediating an increase in urea production via an increase in GSase activity, the elevated cortisol levels experienced by crowded toadfish also appear to mediate an increase in urea transporter mRNA expression (35) . Repetitive blood sampling of pulsatile toadfish has demonstrated that 2 to 4 h preceding a pulse event, plasma cortisol levels fall markedly (from ϳ120 to 40 ng/ml) and rise rapidly thereafter (70, 73) . This reduction in cortisol seems to be a permissive event rather than a causal agent, as often plasma cortisol declines without an associated pulse (73) . It is postulated that when cortisol levels are at their minimum, 5-HT initiates a pulse event by activating tUT via 5-HT 2 receptormediated phosphorylation of two unique sites on the C-terminus of the urea transport protein (31) . Following a urea pulse, cortisol returns to prepulse concentrations, and the urea pulse is terminated, suggesting that elevated cortisol levels inactivate tUT. Thus, the control of pulse "size" would depend upon the number of urea transport proteins available for phosphorylation. This may be mediated through genomic pathways involving the regulation of the tUT mRNA transcript (30) or another cortisol-sensitive UT isoform, similar to the inner medullary collecting duct (IMCD) of rats (44) .
The precise cellular and subcellular location of the facilitated diffusion mechanism(s) remains uncertain. However, there is evidence that significant ultrastructural rearrangements occur during pulsatile urea excretion. Examination of gill morphology demonstrated an abundance of dense-cored vesicles in the pavement cells of ureotelic toadfish (24) , and a similar arrangement is exhibited by the ureotelic Lake Magadi tilapia (Alcolapia grahami) (65) . During urea pulses in the toadfish, these vesicles are translocated to the apical surface, where they come into contact with the branchial membrane (24) . This scenario is reminiscent of the SNARE (soluble N-ethylmaleimide-sensitive)-mediated vesicular trafficking of UT-A1 in mammalian kidney (38) . The vesicular trafficking was inhibited when ureotelic toadfish were treated with colchicine, an inhibitor of microtubule assembly, which ultimately caused a significant reduction in both the rate and frequency of urea pulsing with no discernable changes in ammonia excretion (18) . Overall, the data suggest that the branchial apical membrane is intimately associated with the release of urea into the environment. However, little attention has been paid to the contribution of urea transport across the basolateral membrane. In recent years, a number of different studies have shown the presence of basolateral UTs, including a salinity-dependent transporter in Anguilla japonica (37) . A sodium-coupled, secondarily active UT on the branchial basolateral membrane of Squalus acanthias plays an integral role in urea retention, an essential osmolyte in their osmoregulatory strategy (15) . Even the ammoniotelic rainbow trout, Oncorhynchus mykiss, has a facilitated diffusion transporter mechanism on the branchial basolateral membrane that saturates at physiologically relevant concentrations (32) . So it is likely that a similar transport protein is present in the toadfish, and it may facilitate the movement of urea between the plasma and gills, potentially producing an overall increase in basolateral gill urea permeability during pulse events.
In the present study, we tested the hypothesis that urea movement across the gill basolateral membrane in gulf toadfish occurs through a cortisol-sensitive carrier-mediated mechanism. An in vitro approach generated basolateral membrane vesicles that were then utilized to characterize urea transport kinetics using a rapid filtration technique (45) . Urea transport was also measured following exposure to various urea transport and energy inhibitors, as well as sodium gradients. Furthermore, urea influx was studied in response to in vivo treatments that included manipulation of ambient temperature and chronic infusion of cortisol to artificially raise circulating concentrations.
MATERIALS AND METHODS

Animals
Gulf toadfish (Opsanus beta, Goode and Bean; 45-130 g) were collected by commercial shrimpers in Biscayne Bay, Florida, during the months of February to April 2007. Toadfish were held for Ͻ48 h at the shrimpers' holding facility in outdoor, flow-through seawater tanks. On the day of transfer to the laboratory, toadfish were given a freshwater dip (2 min) followed by a malachite green/formalin treatment (0.05 mg/l, 15 mg/l) as a preventative treatment against ciliate infection of Cryptocaryon irritans (70) . In the laboratory, the fish were kept at a stocking density of 10 fish per 50 liter aquaria that were supplied with aerated flowing seawater (18°C-22°C, pH 8.1) under a natural photoperiod. All toadfish, including mesocosm individuals, were fed weekly with chopped squid.
Experimental Series
A standardized crowding and confinement procedure (see Refs. 21 and 60) was used to induce and maintain ureotelism for the duration of all experiments, with the exception of mesocosm fish in Series II. In brief, 8 to 10 fish were relocated to and held in 6-liter tubs supplied with flowing seawater for 48 h. For terminal sampling of gill tissue, as well as surgical procedures (see Series III), all fish were lightly anesthetized with MS-222 (1 g/l, pH 8.0). For surgical procedures, the animals were returned to anesthetic-free seawater following implantation of a cannula into the caudal artery (34, 70) , whereas terminally sampled fish were killed by severance of the spinal cord.
Urea transport across the basolateral gill membrane was measured in three series of experiments.
Series I. Characterization of Urea Transport Across Isolated Basolateral Membrane Vesicles in Lab-Crowded O. beta
Characterization of urea transport across the basolateral membrane of the toadfish gill was measured in lab-crowded fish held at 22°C. Initial experiments focused on establishing the concentration dependence relationship of urea transport, for which basolateral membrane vesicles (BLMVs) were exposed to physiological urea concentrations ranging from 1 to 20 mmol/l (0, 0.05, 0.1, 0.175, 0.25, 0.35, 0.5, 0.625, 0.75, 1, 1.25, 1.5, 2, 3.5, 5, 10, 15, and 20 mmol/l), and the rate of urea uptake was assessed (described in Experimental Protocols). To further characterize the properties of urea transport, BLMVs were exposed to a number of different noncompetitive and competitive inhibitors at a urea concentration of 0.4 mmol/l, a value below the saturable range of urea uptake (see RESULTS) . For all treatments, a 10-l aliquot of noncompetitive or competitive inhibitor or control solution was added to the BLMV suspension and vortexed immediately prior to the initiation of the transport assay. A stock solution of phloretin (9 mmol/l) was prepared by dissolving phloretin in ethanol, and then it was adjusted to final concentrations ranging from 0 (ethanol alone) to 0.25 mmol/l. The inhibition of urea uptake in BLMV was further tested following exposure to treatments of phloretin (0.25 mmol/l), the mercurial compound p-chloromercuribenezesulfonate (pCMBS; 0.25 mmol/l), and a combination of both phloretin and pCMBS (both at 0.25 mmol/l). Phloretin (15, 32, 39) and pCMBS concentrations (42, 57) were chosen on the basis of previous studies. Final ethanol concentration in the individual solutions did not exceed 0.1% (vol/vol). The effects of urea analogs (acetamide, thiourea, N-methylurea) were measured at twofold higher concentrations (0.8 mmol/l) than urea (0.4 mmol/l), in accordance with earlier published studies (47, 71, 74) .
The ATP dependence of urea transport was investigated using a variety of compounds that influence ATPase-type proteins. Urea uptake was measured following incubation in solutions containing ATP (10 mmol/l), ATP (10 mmol/l) ϩ ouabain (1 mmol/l; to inhibit Na ϩ -K ϩ -ATPase activity), or ATP (10 mmol/l) ϩ N-ethylamaleimide (NEM; 1 mmol/l: to inhibit V-type H ϩ -ATPase activity). Furthermore, sodium specificity of urea transport was also examined in BLMV. For those experiments, BLMV were prepared and isolated in sodium-free solutions.
Series II. Effects of Cortisol on Urea Transport in BLMV in O. beta
This series of experiments manipulated in vivo circulating cortisol levels to elicit potential changes in BLMV urea uptake. An in vivo approach was used because there is no definitive evidence from the toadfish literature whether cortisol is acting through genomic or nongenomic pathways; thus, experiments were designed to ensure that the cellular machinery was present to mediate a response.
Uncrowded toadfish (n ϭ 8) were kept, for 1 mo prior to sampling, in outdoor mesocosm tanks (ϳ8,000 liters, 28°C) maintained with flow-through seawater (50 l/min) and aeration. These tanks were enriched with a carbonate sediment and seagrass (Thalassia testudinum) to mimic a natural toadfish environment, as previously described (6) . In the lab, toadfish (n ϭ 8) were kept at a low stocking density in 50-liter aquaria (22°C) for 2 wk before undergoing a standardized crowding and confinement procedure. A second group of lab-crowded fish (n ϭ 7) underwent surgery for implantation of a caudal artery catheter, as outlined by McDonald et al. (34) . The fish were allowed to recover for 24 h in 1.5-liter containers supplied with flowing seawater. Following the recovery period, the arterial catheter was connected to one channel of a Gilson 8 channel peristaltic pump, and the fish were infused with 0.09 mg cortisol/ml (hydrocortisone hemisuccinate salt; Sigma Chemicals, St. Louis, MO) in isosmotic NaCl (150 mmol/l) at a rate of 3 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 for a 24-h period. The rate of infusion was verified periodically by measurement of the weight of the infusion reservoir. At the end of the 24-h exogenous cortisol loading period, fish were terminally sampled as described above.
Mesocosm, lab-crowded, and lab-infused fish were intended to represent low-, intermediate-, and high-cortisol level groups, respectively. To confirm that these treatments produced the desired effect, at the time of terminal gill extraction, blood (200 l) was sampled by caudal puncture from lab fish and centrifuged at 10,000 g for 1 min. An 80-l aliquot of plasma was removed, flash frozen in liquid nitrogen, and stored at Ϫ80°C for later analysis of cortisol content. Reported values for plasma cortisol from mesocosm fish were from a previous study (30) . BLMV isolated from these different groups were subjected to urea transport assays using the same series of urea concentrations as outlined in Series I, ranging from 1 to 20 mmol/l.
Series III. Effect of Temperature on Urea Transport Across BLMV in Lab-Crowded O. beta
Toadfish were housed over the course of this study from February to April, and there were significant temperature variations among the different groups. To eliminate any potentially confounding effects of treatment and temperature, as well as to examine the effects of temperature on transport directly, an additional series of experiments was performed to focus on temperature effects on BLMV urea uptake. The first group of fish (n ϭ 11), initially used for validation of BLMV preparation, was housed in the lab in 50-liter aquaria, supplied with flowing seawater, for a 2-wk period during February, when water temperatures were ϳ18°C. The second group of fish (n ϭ 6) was experimentally acclimated to water temperatures of 28°C, which mimicked the acclimation temperature of the mesocosm fish in series II. These fish were held in 50-liter aquaria with a continuous supply of flowing seawater at 22°C. Over the course of 5 days, the temperature was increased at a rate of 1°C/day to 28°C, at which temperature, the animals were maintained for 7 days. All groups were treated with a standard crowding protocol for 48 h at their respective acclimation temperatures and terminally sampled for gill tissue. Subsequently, kinetic analysis of BLMV urea uptake was carried out over the physiological range of urea concentrations outlined in series I. Furthermore, a cross-comparison of the rates of uptake between different temperatures was used to calculate a Q10 for urea transport.
Experimental Protocols
Isolation of BLMV. BLMV were isolated following the differential centrifugation protocol of Perry and Flik (45) , as modified by Bury et al. (11) . For each preparation, one toadfish was lightly anesthetized and killed by severance of the spinal cord. The gills were perfused via the heart for less than a minute with ϳ60 ml of modified saline (0.9% NaCl, 0.5 mmol/l Na2-EDTA, 20 IU/l heparin, 1 mM dithiothreitol, 100 IU/ml aprotinin; adjusted to pH 7.8 with Tris), and rapidly excised and placed temporarily in ice-cold saline. All subsequent steps were carried out on ice.
The cells of the gill arches were scraped from the cartilaginous filaments with a glass slide and transferred to 20 ml of hypotonic homogenization solution (25 mM NaCl, 1 mM HEPES, 1 mM dithiothreitol, 100 IU/ml aprotinin; pH adjusted to 7.8 with Tris). Initial homogenization consisted of 30 strokes with a Dounce homogenizer (Kontes) and a loose-fitting pestle. A 1-ml aliquot was taken from this homogenate and frozen at Ϫ80°C for later analysis of enzyme activity. Following homogenization, the suspension was transferred to a clean tube, the volume was adjusted to 50 ml, and the suspension was centrifuged at 450 g for 15 min at 4°C to separate cellular debris. The supernatant was then centrifuged at 50 000 g for 30 min at 4°C. This spin produced a pellet with a light top layer (plasma membranes) and a dark lower layer (mitochondria). The upper layer of the pellet was carefully resuspended in 2 ml of isotonic solution (250 mM sucrose, 5 mM MgSO 4, 5 mM HEPES; adjusted to pH 8.0 with Tris) by gentle agitation. This plasma membrane suspension was then homogenized, in 20 ml of isotonic solution, for 100 strokes using a tight-fitting pestle of a Dounce homogenizer (Kontes). The second homogenate was centrifuged at 1,000 g for 10 min, followed immediately by a second spin of 10,000 g for 10 min at 4°C, which produced a pellet composed of the remaining contaminating membranes. The supernatant was centrifuged at 38,500 g for 30 min at 4°C to produce a final pellet enriched in basolateral membranes. The pellet was suspended in 1-2 ml of resuspension buffer (250 mM sucrose, 10 mM KNO 3, 0.8 mM MgSO4, 0.5 mM Na2-EDTA, 20 mM HEPES; adjusted to pH 7.4 with Tris) by passage through a 23-gauge needle (10 times) to aid vesicle formation. Vesicles were allowed to equilibrate for 30 min on ice, then were mixed again by 10 passes through a 23-gauge needle. The suspension was used immediately for vesicle orientation assays, vesicle volume determinations, urea transport assays, and protein concentration determinations.
Validation of BLMV preparation. Enzymatic assays performed on the initial and final homogenates were used as an indicator of relative enrichment of the final BLMV preparation. Na ϩ -K ϩ -ATPase (28), cytochrome c oxidase (7), glucose-6-phosphate (55), and nicotinamide mononucleotide (NMN)-adenylyltransferase (4) were used as marker enzymes for the basolateral membrane, inner mitochondrial membrane, endoplasmic reticulum (ER), and nuclear membrane, respectively. All activities were quantified using published protocols modified for use with a SpectraMax Plus 384 microplate reader (Molecular Devices , Sunnyvale, CA).
The degree of BLMV resealing was assessed by measuring Na ϩ -K ϩ -ATPase activity (28) in the presence or absence of 10 l of the detergent 0.04% Triton-X (vol/vol), as previously described (15) . The percentage of resealed vesicles was calculated as the difference between activities of the detergent-treated and intact BLMV. The number of inside-out vesicles was determined by assaying Na ϩ -K ϩ -ATPase activity in unmasked and masked BLMV preparations, in which masking of inside-out vesicles was accomplished by incubating the vesicles in 10 mM KCl for 10 min on ice, described by Fines et al. (15) . The percentage of right-side out vesicles was expressed as the difference between resealed vesicles and inside-out vesicles.
Protein-normalized BLMV volumes were measured as an additional indicator of intact and resealed vesicles. In brief, a 40-l aliquot of BLMV (ϳ0.6 mg protein) was incubated in 1 ml of resuspension buffer containing 10 l (1 Ci) of 3 H2O and 10 l (0.1 Ci) of 14 C-polyethylene glycol-4000 (PEG-4000) for 2 min. Following centrifugation of the BLMV suspension at 12,000 g for 8 min, a 500-l aliquot of the supernatant was transferred to a 5-ml scintillation vial, and 3.5 ml of scintillation fluid (EcoLume, MP Biomedicals, Solon, OH) were added. The remaining supernatant was decanted, and the tubes were cleaned to ensure the lid and walls were free of any residual supernatant. The pellet was then resuspended in 40 l of 20% Triton-X (vol/vol) and vortexed. The mixture was then transferred to a 5-ml scintillation vial, and 3.5 ml of scintillation fluid was added. The radioactivity (in counts per minute, cpm) of both the supernatant and pellet was measured using a two-channel liquid scintillation counter (Beckman Coulter LS 6500 Multi-Purpose Scintillation Counter, Beckman Coulter, Indianapolis, IN). Protein-normalized vesicle volumes were calculated (10) and expressed as microliters per milligram of protein.
Urea transport assays. Transport of 14 C-urea was measured at 22°C by rapid filtration techniques (32) . BLMV urea uptake was initiated by adding 135 l of assay medium (250 mM sucrose, 10 mM KNO3, 11 mM MgSO4, 6 mM Na2-EDTA, 20 mM HEPES; adjusted to pH 7.4 with Tris) to 35 l of the vesicle suspension. For urea concentration series experiments, sucrose in the assay solution was replaced with urea to keep a constant osmolality across all the different solutions and to reduce the effects of any osmotic differences caused by increasing the urea content. Following immediate mixing (by vortexing), the suspension was incubated for a short timed period. In preliminary experiments, the relationship between incubation time and urea uptake across the vesicular membrane was established. Urea accumulation in the BLMV was linear until 40 s, at which time urea uptake reached a plateau of maximum filling capacity (Fig. 1) . Therefore, a 17-s incubation period was used for all subsequent experiments. Transport was terminated by quickly transferring the vesicle/assay mixture to nitrocellulose filters (Whatman Protran BA85 filters) preincubated in an ice-cold stop solution with a high urea content (250 mM sucrose, 10 mM KNO3, 10 mM MgSO4, 50 mM urea, 20 mM HEPES; adjusted to pH 7.4 with Tris), so as to reduce nonspecific binding of 14 C-urea to the filters. Filters were washed twice with 5 ml of ice-cold stop solution to remove any residual free 14 C-urea, then transferred to scintillation vials containing 10 ml of scintillation fluid (EcoLume, MP Biomedicals) and counted using a liquid scintillation counter (Beckman LS3801 Liquid Scintillation Counter). The rate of 14 C-urea (mol ⅐ h Ϫ1 ⅐ mg protein Ϫ1 ) uptake was calculated as J in urea ϭ cpmf/(Amedium ⅐ p ⅐ t), where cpmf represents the counts present on the filters, Amedium is the activity of the assay medium in cpm mol Ϫ1 , the amount of protein in milligrams present in the assay suspension is represented by p, and t is the incubation time in hours. Amedium was calculated for each stock urea concentration as the cpm of the solution divided by total urea (in micromoles), i.e., the sum of both nonradiolabeled and radiolabeled (specific activity 54 mCi/mmol; MP Biomedicals) urea components of the assay medium. Protein concentrations were determined by the Bradford method (9) using Bradford reagent (Sigma-Aldrich) with BSA standards.
For Series III, Q 10, defined as the ratio of two rates for a temperature difference of 10°C, was calculated as follows: Q10 ϭ [RT2 Ϭ RT1] ⅐ exp (10/T2-T1), where RT2 and RT1 are the Vmax values (mol ⅐ mg protein Ϫ1 ⅐ h Ϫ1 ) calculated from the Eadie-Hofstee plots for the high (T2) and low (T1) temperature, respectively.
Analytical Techniques
Plasma cortisol concentrations (for Series II) were measured using a commercially available 125 I radioimmunoassay kit from MP Biomedicals.
Statistical Analyses
Values are expressed as the means Ϯ SE. Nonlinear or linear regressions, as appropriate, were used to determine the line of best fit for urea concentration dependence experiments. Correlation coefficients (r 2 ) were generated from regression analysis using SigmaPlot 10.0 software (Systat Software, Chicago, IL). Total transport over the entire range of urea concentrations was defined as a sum of two regressions, a linear component (y ϭ mxϩb) and a saturation component [y ϭ K mx / (Vmax ϩ x)]. An Eadie-Hofstee plot was used to calculate the Michaelis-Menten constant, K m, and maximum velocity, Vmax, as the more conventional Lineweaver-Burke method is associated with higher rates of error (14, 48) .
For all experiments focusing on the effects of transport and metabolic inhibitors, an estimated diffusion component at the experimental urea concentration was subtracted from the individual values of urea uptake measured at each concentration, thus giving a rate of uptake due to urea transport proteins alone. A one-way ANOVA was performed to compare the differences in urea uptake among BLMV exposed to phloretin, various competitive urea analogs and ATPase inhibitors. In cases in which significant differences were detected, a Holm-Sidak test was used for post hoc multiple comparisons. The dose-dependence curve was plotted as a sigmoidal dose-response regression:
Where assumptions of normality or equal variance were not satisfied, equivalent nonparametric tests were used. Results were considered statistically significant when the P value was less than 0.05. Statistical analyses were performed using SPSS SigmaStat v3.5 (Systat Software).
RESULTS
Validation of BLMV Preparation
Measurement of Na ϩ -K ϩ -ATPase activity demonstrated a significant 5.5-fold enrichment of toadfish gill BLMV preparations compared with the initial crude homogenate ( Table 1) . The same fractions revealed that enzyme activities for cytochrome c oxidase, glucose-6-phosphate, and NMN-adenylyltransferase were reduced by 6.9 ϫ 10 Ϫ4 , 0.16, and 0.19-fold, respectively (Table 1) .
Of the total basolateral membrane population, 58.77 Ϯ 8.03% of the membranes formed resealed vesicles, as indicated by Na ϩ -K ϩ -ATPase activity. Among resealed BLMV, 11.02 Ϯ 3.86% were in the inside-out orientation. Furthermore, proteinnormalized vesicle volumes averaged 4.21 Ϯ 0.45 l/mg protein, providing further evidence for vesicle resealing.
Series I
In vitro BLMV urea uptake measurements over a physiological range of concentrations showed two components of urea influx. At concentrations from 1 to 20 mmol/l, urea uptake was linearly dependent on the external urea concentration (r 2 ϭ 0.98, Fig. 2A ). At lower urea concentrations (Ͻ1 mmol/ l), urea uptake exhibited saturation kinetics (r 2 ϭ 0.96, Fig. 2B). Eadie-Hofstee transformation of these data (Fig. 2C ) revealed a K m of 0.24 mmol/l and V max of 6.95 mol ⅐mg protein Ϫ1 ⅐h Ϫ1 (Table 2) . Saturable urea uptake in toadfish BLMV was sensitive to the transport inhibitor phloretin (Fig. 3A) , with an IC 50 of less than 0.11 mmol/l. Urea uptake was significantly reduced by 3.24-fold in the presence of pCMBS (P Ͻ 0.05; Fig. 3B ). Treatment of BLMV with both pCMBS and phloretin resulted in a 4.28-fold reduction (P Ͻ 0.05) in the rate of urea influx relative to the control rate; however, this rate was not significantly different from either phloretin or pCMBS alone (P Ͼ 0.05; Fig.  3B ). Exposure to acetamide or thiourea caused 1.5-and 1.74-fold inhibition, respectively, in urea uptake (P Ͻ 0.05), whereas N-methylurea treatment had no effect on urea movement (P Ͼ 0.05; Fig. 4 ). Altering ATP availability in the assay medium by adding ATP alone, ATP ϩ ouabain, or ATP ϩ NEM did not significantly affect urea influx in BLMV compared with control uptake rates (5.0 Ϯ 0.8 mol ⅐mg protein Ϫ1 ⅐h Ϫ1 , n ϭ 8, P Ͼ 0.05; data not shown), nor did manipulating the sodium gradient (3.8 Ϯ 0.4 mol ⅐mg protein Ϫ1 ⅐h Ϫ1 , n ϭ 12, P Ͼ 0.05; data not shown).
Series II
Fish that underwent a standard crowding protocol in the lab (regardless of whether they were treated with cortisol) showed saturable urea uptake at low urea concentrations (Ͻ1 mmol/l), whereas urea uptake in fish held in a mesocosm was linear over all external urea concentrations (Fig.  5) . Cortisol treatment of lab-crowded fish caused the K m value to increase but dramatically lowered V max by 0.23-fold ( Table 2) . Analysis of plasma cortisol at the time of sampling confirmed that infused toadfish exhibited 19-fold higher circulating cortisol concentrations compared with lab-crowded fish held at 22°C (P Ͻ 0.05; Fig. 6 ).
Series III
Urea uptake in lab-crowded fish demonstrated nonlinear saturable concentration kinetics, regardless of acclimation temperature (Fig. 7) . However, differences were apparent in the kinetic parameters of the saturation curves (Table 2) . V max increased as a function of increasing acclimation temperature, yielding a Q 10 value of 3.33 (Table 2) . No obvious dependence of K m on temperature was detected (Table 2) .
DISCUSSION
Methodology
In the present study a well-characterized method was used to prepare plasma membranes from the gill epithelium of toadfish, as previously described in rainbow trout (11, 32, 45) and little skate (15) . A 5.5-fold enrichment of Na ϩ -K ϩ -ATPase activity indicated that there was a selective isolation of basolateral plasma membranes, similar to other studies (11, 15, 32, 45) . Only trace amounts of membranes from the ER, nucleus, and mitochondria were present in the final homogenate. It is possible that this contamination may have resulted in a slight overestimation of urea uptake by gill BLMV, as some fish mitochondria have the capacity to transport urea (50) . The volume measurements confirmed the resealing capacity of the vesicles, which, based on Na ϩ -K ϩ -ATPase activity had a resealing efficiency (ϳ59%) comparable to values reported in the literature (16) .
Urea Transport
The data support the hypothesis that urea flux is mediated by a cortisol-sensitive facilitated urea transport mechanism in the basolateral gill membrane of toadfish. Urea uptake exhibited saturation kinetics at low urea concentrations (K m ϭ 0.24 mmol/l, V max ϭ 6.95 mol ⅐mg protein Ϫ1 ⅐h Ϫ1 ) and a linear component at high concentration that is indicative of simple diffusion or movement through nonspecific pathways; both properties are distinctive for piscine urea transport. These high-affinity transporters serve to equilibrate urea concentrations across intracellular compartments in fish (50) , play a prominent role in urea retention in elasmobranchs (15, 40) , and accelerate the excretion of urea in teleosts (32, 47) . Plasma urea levels in crowded toadfish typically fluctuate around 6 mM (33), suggesting that while a basolateral urea transport mechanism in toadfish gill may only represent a fraction of the total urea transport capacity of the gill, in addition to diffusion pathways, such a transporter would greatly facilitate the movement of urea from the plasma into the gills.
Phloretin is commonly used as an analytical tool to characterize both active and facilitated urea transport in vertebrate tissues (13, 25, 53) . BLMV urea transport was inhibited by phloretin in a dose-dependent fashion; however, this noncompetitive inhibitor did not fully abolish urea transport. Phloretin has been shown to increase the fluidity and permeability of cholesterol-containing membranes (1), an effect that may have contributed to increased levels of nonspecific transport of urea across the BLMV. Incomplete inhibition of in vitro urea transport by similar concentrations of phloretin has been documented in a number of teleost and elasmobranch species (15, 32, 40, 50, 63) . Interestingly, systemic administration of phloretin to toadfish abolished the pulsatile urea excretion pattern, although urea continued to accumulate in the external water at a steady rate (71) . This finding should be interpreted with caution, however, as in vivo exposure to phloretin tends to yield inconsistent results owing to its toxicity, which is most likely caused by inhibition of other essential transport systems, including those for glucose and chloride (47, 71) . In vitro experiments focusing on the expression of tUT in Xenopus laevis oocytes demonstrated that phloretin caused a significant, nearly complete, reduction in urea uptake (66) . However, the clear-cut results of this study may be due to the fact that an isolated part of the urea excretion mechanism was examined, whereas, there may be other branchial influences on urea transport in BLMV. Furthermore, the subcellular branchial location of this cloned transporter remains unclear.
In addition to phloretin inhibition, BLMV urea transport was greatly reduced in response to pCMBS. Mercury reagents, such as pCMBS and HgCl 2 , are inhibitory compounds that target the cysteine residues on channel proteins, including urea transporters (56) and intrinsic water channels called aquaporins (AQPs) (23, 54) . A subgroup of phloretin-sensitive AQPs (AQP3 and AQP9) are permeable to urea and other small neutral solutes, in addition to water (3, 56, 58) . Although the potential involvement of AQPs in urea pulsing events has not been examined in toadfish, there is evidence of concurrent elevated urea and tritiated water efflux during pulse events in two toadfish studies (18, 46) . Urea transport in toadfish may be a product of two separate and distinctly located systems involving both UTs and AQPs. Support for this claim comes from immunohistochemical studies on branchial tissue from Anguilla anguilla demonstrating that the eel UT (eUT) (37) and AQP3 (26) are colocalized in chloride cells, with basolateral and apical positions, respectively. Although the location of the branchial pulsatile urea excretion mechanism in toadfish remains unclear, there are morphological data that suggest the involvement of pavement cells (24) and strong molecular evidence that supports the involvement of chloride cells (30) . Because of limitations of the techniques used in the present study, it was not possible to differentiate or separate the heterogeneous population of pavement and chloride cells that composed BLMV preparation, and therefore, it could not be determined which cell types exhibited facilitated basolateral urea transport. Further morphological and immunohistochemical studies following the development of a suitable antibody for both tUT and putative AQPs may resolve these issues. The differential pattern of BLMV uptake of urea following exposure to urea analogs was consistent with similar in vivo studies on branchial excretion (18, 35, 71) . In vitro BLMV urea permeability demonstrated similar inhibitory effects with thiourea and acetamide. These compounds act as competitive inhibitors of carrier-mediated urea transport, although the potency of analogs varies among species (13, 17, 52) . For example, in vivo and in vitro data from rainbow trout demonstrate a pattern of handling, wherein urea transport Ն thiourea uptake Ͼ acetamide uptake (32, 47) , whereas in vitro preparations from two elasmobranch species, Squalus acanthias and Raja erinacea, were insensitive to these chemicals (15, 40) . These quantitative differences in analog potency may be the product of the regulatory state of the protein (e.g., methylation, phosphorylation) and compositional differences in lipid content of plasma membranes (13, 27) . Such factors may be especially relevant when considering the temporal nature of urea excretion in toadfish. Furthermore, unlike urea transporters, AQPs are unable to transport urea analogs such as acetamide or thiourea (59) . Although BLMV did demonstrate a sensitivity to these two compounds, suggesting that there was a competitive interaction with urea most likely via a facilitated urea transporter, the partial inhibition was small (1.5-and 1.7-fold for acetamide and thiourea, respectively), and it may be an indication that two urea transport mechanisms are present: a UT component that is sensitive to urea analogs, and another (possibly AQP) that is insensitive to the same compounds.
Some piscine species such as Raja erinacea (40) and Squalus acanthias (15) rely on a Na ϩ -coupled secondarily active transport system to scavenge intracellular urea and actively return it to the blood to maintain low rates of efflux and high rates of retention, the hallmark of the elasmobranch osmoregulatory strategy. The results presented in this study further diminish the possibility of a reabsorptive "back-transport" system in toadfish as was first demonstrated in vivo by Wood et al. (69) . BLMV urea transport in toadfish was unaffected by in vitro ouabain, NEM, and sodium treatments; conditions that inhibit sodium-coupled and proton-coupled urea transport in cartilaginous fish (15, 40) , mammals (22) , and frogs (49) via prevention of endogenous ATPase function. Movement of urea across the basolateral membrane of toadfish appears to be due to a facilitative urea transport mechanism, a finding that supports the hypothesis first outlined by Wood et al. (70) , whereby, specific urea transport proteins are periodically inserted and/or activated in the gill cells.
In vivo manipulation with cortisol caused a significant 4.3-fold reduction in BLMV urea transport capacity (V max ) in lab-crowded fish. These findings are in accord with parallel physiological studies demonstrating that infusion of cortisol suppresses urea pulsing in toadfish, specifically by decreasing pulse size, with no discernable influence on pulse frequency (21, 34, 72, 73) . Glucocorticoids regulate urea movement in the mammalian kidney by reducing permeability in the renal IMCD of rats through down-regulation of the abundance of UT proteins and mRNA (41, 44) . Recent evidence has shown that chronic cortisol infusion causes an increase in tUT mRNA; however, despite this increase in tUT message, these same fish had a significant decrease in rates of urea excretion (30) . Examination of the current literature shows that the time course for cortisol-mediated effects on urea excretion rates in toadfish in vivo is fairly rapid, with responses elicited in 15 to 60 min following experimentally induced changes in circulating cortisol levels, and less than 4 h under more natural circumstances (73) . This latency is characteristic of nongenomic cascades (reviewed by Refs. 8 and 68), implying that in ureotelic toadfish under resting conditions, the interactions between cortisol and urea excretion may be mediated through nongenomic pathways. Additional supportive evidence comes from molecular analysis, which has identified a number of potential phosphorylation and glycosylation sites on the tUT gene (66) . Further experiments focusing on the in vitro sensitivity to inhibitors such as actinomycin D and cyclohexamide may help evaluate the relative contribution of transcriptional and translational pathways, respectively, in the pulsatile discharge of urea in toadfish.
Mesocosm fish were kept at low stocking density in an enclosure that mimicked a natural toadfish environment. Toadfish kept in this uncrowded environment in a previous study had low circulating cortisol levels (23.9 Ϯ 9.5 ng/ml) (30) . BLMVs from such fish exhibited a poor kinetic correlation for saturation and Eadie-Hofstee plots but a strong linear relationship between urea uptake and external concentration, characteristics of diffusion, or nonspecific pathways. Interestingly, field studies have shown that toadfish excrete a mix of urea and ammonia in natural settings (5, 20) . The absence of a basolateral UT in mesocosm fish supports the prominent or ratelimiting role of the apical membrane in pulsatile urea excretion as is conserved in uncrowded toadfish (24) . A basolateral UT may be advantageous in situations dealing with relatively high physiological concentrations of urea that need to be rapidly equilibrated across the plasma and gill tissue. Lab-crowded fish tend to have a higher degree of ureotely and plasma urea levels than their uncrowded counterparts (5, 20, 34) .
Urea uptake across the basolateral membrane showed a differential response to varying acclimation temperatures. Most biological reactions are temperature sensitive and typically have a Q 10 value greater than 2, whereas purely physical processes, such as diffusion, have values closer to 1. Temperature coefficient analysis of V max values demonstrated an increase in BLMV urea influx between temperatures of 18 and 28°C, with V max undergoing a three-fold increase. This evidence further supports the hypothesis that a membrane-bound urea transport protein is present on the gill basolateral membrane of toadfish. Similar temperature-sensitive urea transport processes have been reported in toadfish hepatocytes and the gill basolateral membrane of rainbow trout (32, 67) . Of further note, in series II, a direct comparison of kinetic urea influx was carried out between mesocosm fish that were acclimated to 28°C and lab-housed individuals acclimated to a temperature of 22°C. While the phase behavior and physical properties of biological membranes can be modified in response to thermal perturbations, the extent of the compensatory response varies considerably among species, cell types, and particular membranes (reviewed by Ref. 19) . For the purpose of this study, it appears that temperature had an effect on the absolute rates of urea influx and no discernable effect on the kinetic properties of urea uptake. Differences in the pattern of urea uptake seen between mesocosm fish and lab-crowded individuals are due to the cortisol-related effects of crowding, not temperature.
Perspectives and Significance
There is considerable diversity of physiological roles of urea transporters characterized from fish, amphibians, and mammals; however, structural analysis of UTs demonstrates a high degree of sequence similarity (50 -70%) among all these genes (3, 29) . Evidence suggests that these UTs all evolved from a common ancestor through several sequence divergence and duplication events, and all current paralogs and orthologs in vertebrates arose from one primordial system (36, 51) . Mammals, reportedly, express over 20 isoforms of UT-A and UT-B as products of alternative splicing (2, 36, 51) . Within the piscine lineage, there is increasing molecular and physiological evidence for the existence of multiple UT isoforms among and within different tissues (35, 37, 40) . The mechanisms regulating the expression of the nonmammalian UTs are not well characterized, however, evidence from the gulf toadfish demonstrates that it is likely that the system may be similar to the one described in mammals. Glucocorticoids reduce urea permeability in the mammalian kidney by causing a downregulation of the quantity of UT mRNA and proteins (41, 44) . Evidence in the present study indicates that a similar cortisolsensitive pathway regulates the insertion or activation of facilitated urea transport protein(s) in the gills of the toadfish; expanding on previous in vivo data demonstrating cortisol is involved in regulating urea pulse size in this unusual species (71) . It is interesting to note that two such distantly related vertebrates (mammals and teleosts) share similar regulating mechanisms for urea excretion, and the similarity raises questions about the evolutionary origins of these systems. Analogous to the UT, the current parsimonious hypothesis for the evolution of the GRs among tetrapods is one of sequence divergence and duplication from a common ancestor with retained functional characteristics (12) . Although the precise mechanisms (genomic vs. nongenomic) of urea transport regulation remain unclear in toadfish, it is clear that future investigations should examine the upstream signal target for cortisol action in the promoter region of the gene for both putative glucocorticoid response elements and potential phosphorylation/glycosylation sites on the UT protein itself.
